Prion diseases are associated with the conversion of the ␣-helix rich prion protein (PrP C ) into a ␤-structure-rich insoluble conformer (PrP Sc ) that is thought to be infectious. The mechanism for the PrP C 3 PrP Sc conversion and its relationship with the pathological effects of prion diseases are poorly understood, partly because of our limited knowledge of the structure of PrP Sc . In particular, the way in which mutations in the PRNP gene yield variants that confer different susceptibilities to disease needs to be clarified. We report here the 2.5-Å-resolution crystal structures of three scrapie-susceptibility ovine PrP variants complexed with an antibody that binds to PrP C and to PrP Sc ; they identify two important features of the PrP C 3 PrP Sc conversion. First, the epitope of the antibody mainly consists of the last two turns of ovine PrP second ␣-helix. We show that this is a structural invariant in the PrP C 3 PrP Sc conversion; taken together with biochemical data, this leads to a model of the conformational change in which the two PrP C Cterminal ␣-helices are conserved in PrP Sc , whereas secondary structure changes are located in the N-terminal ␣-helix. Second, comparison of the structures of scrapie-sensitivity variants defines local changes in distant parts of the protein that account for the observed differences of PrP C stability, resistant variants being destabilized compared with sensitive ones. Additive contributions of these sensitivity-modulating mutations to resistance suggest a possible causal relationship between scrapie resistance and lowered stability of the PrP protein.
P
rion diseases are deadly neurodegenerative pathologies affecting numerous mammal species (1) . They occur sporadically as well as after hereditary or infectious transmission; the high resistance of the infectious agent to classic inactivation techniques and the apparent absence of nucleic acid in its composition (1) are very intriguing. Of all the hypotheses on the nature of the infectious agent, the prion hypothesis, which states that the infection relies solely on a protein, is the most widely accepted. According to this proposition, the key event in the pathogenesis is the conversion of the ␣-helix-rich host prion protein (PrP C ) into a pathogenic isoform (PrP Sc ) characterized by its insolubility, its high content in ␤-sheet, and its protease resistance (1) . Consistent with that hypothesis, PrP C clearly plays a central role in transmissible spongiform encephalopathies (TSE) (2) , and PrP Sc formation is one of the main pathological features except in one reported case (3) . However, despite the abundance of data now available on TSE, the prion hypothesis still is not fully validated: the infectious and pathological mechanisms of prion diseases are unclear, and the exact roles of PrP C and PrP Sc in the brain dysfunctions caused by TSE have yet to be established. One of the main difficulties encountered in the confirmation of the prion hypothesis results from the heterogeneity of the best purified PrP Sc samples, which makes the biochemical and structural characterizations of PrP Sc problematic. A first step in such a characterization would be to identify and structurally define epitopes of antibodies that cross-react with PrP C and PrP Sc . This would provide structural information directly derived from the infectious agent and help understand the mechanisms of PrP Sc formation and spreading in infected organisms.
One of the important features of prion diseases is that mutations in the PRNP gene influence susceptibility. In sheep, a set of polymorphisms at positions 136, 154, and 171 of the PrP sequence (sheep numbering) are linked to scrapie susceptibility (4, 5) . The homozygous genotype A136-R154-R171 (ARR) induces resistance, whereas V136-R154-Q171 (VRQ) confers high scrapie susceptibility. Between these two extremes the additional A136-R154-Q171 (ARQ) and A136-H154-Q171 (AHQ) variants are associated with medium and low susceptibility, respectively. Other PrP mutations and polymorphisms influence the susceptibility of humans (6) and mice (7) to transmissible spongiform encephalopathies or the incubation period duration, but no genotype is known to protect against the infectious agent in those species, as observed in sheep. The mechanisms by which such mutations influence the pathological process remain to be described. Because the PrP C 3 PrP Sc conversion correlates well with the pathological evolution, it is expected that PrP mutations linked to prion disease have a direct effect on its thermodynamic stability or folding kinetics. Indeed, it was shown recently that ovine (Ov)PrP mutations V136A and Q171R, associated with a resistant phenotype in sheep, destabilize the recombinant prion protein (8) . These results are in apparent contradiction with current models of the amyloid formation process (9) and need an explanation. It also remains to be established whether this correlation is coincidental or reflects a causal relationship between resistance and destabilization of PrP C .
Our objective was to gain deeper insight into the molecular mechanisms of PrP Sc formation and to explain the influence of pathological mutations on this process. We have determined the x-ray structure of the C-terminal domain of scrapie-susceptibility OvPrP variants. We have cocrystallized this domain with a Fab fragment that cross-reacts with PrP C and PrP Sc and report here the crystal structures of the C-terminal domain of sheep native recombinant prion protein variants ARQ, ARR, and VRQ complexed with this Fab. The structures provide side-chain positions, some of which have not been defined previously, and allow us to examine the structural correlates of scrapie-related sheep polymorphisms in the OvPrP structure. Most importantly, the PrP-Fab structure defines the epitope of the antibody. We provide evidence that this epitope is conserved in PrP C and PrP Sc from brains of infected animals, which constitutes structural information on the pathological prion conformer directly derived from an infectious sample. On the basis of these results, we propose a model of the structure of the C-terminal domain of OvPrP Sc .
Materials and Methods

Production and Purification of Recombinant Variants of OvPrP.
Briefly, the cDNA encoding the VRQ, ARQ, or ARR variants of the prion C-terminal domain (residues 103-234) was cloned in pET-28a (Novagen) plasmid and expressed in the BL21 DE3 Escherichia coli strain after isopropyl ␤-D-thiogalactoside induction. The expressed truncated His-tagged prion proteins accumulated in inclusion bodies. After lysis, sonication, and solubilization of the inclusion bodies by 6 M urea, purification and renaturation of the prion protein were performed on a nickel Sepharose column by heterogeneous phase renaturation (10) . The His tag was cleaved by using biotinylated thrombin (Novagen). After the removal of thrombin from the reaction mix by binding the enzyme to streptavidin agarose beads, the prion C-terminal domain was recovered in 10 mM Mops, pH 7.2͞ 0.01% NaN 3 from a HiPrep 26͞10 desalting column (Pharmacia) by using an Akta fast protein liquid chromatograph (Pharmacia). Final protein concentration was measured by determining optical density at 280 nm using an extinction coefficient of 18,005 M Ϫ1 ⅐cm
Ϫ1
deduced from the composition of the protein.
Fab Fragment Production. VRQ14 hybridoma resulted from immunization of Prnp 0/0 mice with recombinant ovine variant VRQ and was selected for recognition of the immunization antigen on a BIAcore instrument (the full-length recombinant protein being linked to a carboxymethylated dextran chip through its N-terminal part). Ascitic fluids were produced in nude mice. After recovery of the ascitic fluid, the antibody was purified by protein A-Sepharose affinity chromatography. After dialysis in 0.1 M phosphate (pH 7.4) and concentration to 2 mg͞ml, the purified antibody was subjected to papain-limited proteolysis by using a papain-to-antibody ratio of 1:100 (wt͞wt). The reaction was stopped by using iodoacetamide at a final concentration of 10 mM. The Fc fragment was separated from the reaction mixture by protein A-Sepharose affinity chromatography, and the Fab fragment was further purified on a Sephacryl S100 HR (Pharmacia) gel-filtration column and stored in 150 mM sodium chloride͞0.01% sodium azide at a concentration of 3 mg͞ml.
Determination of the Primary Structure of the Fab. Total RNA was extracted from 5.10 7 hybridoma cells according to standard procedures. Both RT-PCR and 5Ј rapid amplification of cDNA ends (RACE) amplification of the light-and heavy-chain variable domain sequences were performed with the Smart RACE cDNA amplification kit (Clontech). Brief ly, RT-PCR was primed with the poly(T) and SMART-IIA (AAGCAGTGG-TATCAACGCAGAGTCAC) oligonucleotides provided in the kit; in the following PCR step, selective amplification of the antibody cDNA sequences used the SMART-IIA primer in combination with the MKC primer (GTTCAGGACGC-CATTTTGTCGTTCA) for the light chain and with the C␥2 primer (GTGGATAGACCGATGGGGCTGTTGT) for the G2a heavy chain. PCRs were performed by incubation of cDNA with Taq polymerase in a Geneamp 2400 thermocycler (PerkinElmer) programmed for 25 cycles of the following temperature schedule: 94°C for 30 sec, 68°C for 30 sec, and 72°C for 3 min. After characterization on agarose gel and purification with the NucleoTrap gel-extraction kit (Clontech), PCR products were cloned into the pGEM-T vector (Promega) for transformation of DH10 E. coli and sequenced.
Purification and Crystallization of the PrP-Fab Complex. After a 15-min incubation of the Fab at a 70-M concentration with a 2-fold excess of the OvPrP C-terminal domain, the OvPrP-Fab complex was eluted on a size-exclusion chromatography column (Sephacryl S100 HR). The purified complex was concentrated to 10 mg͞ml before crystallization trials. Conditions to obtain crystals were first determined by using Crystal Screen I and II solution kits (Hampton Research, Riverside, CA). Monocrystals were finally obtained in 18-24% polyethylene glycol 8000/ 10000͞0.1 M citrate͞0.2 M ammonium acetate, pH 6.3. It was found by matrix-assisted laser desorption ionization͞time-offlight mass spectrometry and N-terminal sequencing that the crystals contain the 114-234 OvPrP fragment, most likely because of slow proteolysis. All three OvPrP-Fab complexes crystallize in the P2 1 2 1 2 space group, with one complex per asymmetric unit.
Data Collection and Structure Determination. Diffraction data of the ARQ variant-Fab complex were collected on the BM30a beam line (European Synchrotron Radiation Facility, Grenoble, France), and those of the ARR and VRQ variant complexes were collected on the X06SA beam line (Swiss Light Source, Paul Scherrer Institute, Villigen, Switzerland). Integration and merging of the reflections was achieved with the DENZO and SCALEPACK programs (11) . The structures of the ARQ-Fab and ARR-Fab complexes were determined by molecular replacement with AMORE software (12) by using as models Fab D2.3 (13) (PDB ID code 1YEH) constant and variable parts and dimeric human prion (huPrP) (residues 125-185) (PDB ID code 1I4M). The molecular replacement solution was then refined by torsion-angle molecular dynamics performed in simulated annealing cycles by using the CNS-SOLVE program (14) . The stereochemistry was assessed with PROCHECK (15) . Buried residues are defined as those with side chains that have a solventaccessible area Ͻ20 Å 2 (16) (calculated by using a 1.4-Å probe).
Data collection and refinement statistics are reported in Table  1 . Figures were drawn by using MOLSCRIPT (17) , RASTER3D (18) , and BOBSCRIPT (19) .
ELISA. Prnp
0/0 mouse brain homogenates and scrapie-infected and uninfected sheep brain homogenates were titrated by using the peroxidase-conjugated VRQ14 antibody as a detecting an- 
tibody in a sandwich ELISA test. We used 10% brain homogenates as such or subjected them to proteinase K digestion. The protease was used at a concentration of 50 g͞ml during 30 min at 37°C, and the reaction was stopped by boiling the samples at 100°C for 5 min. Serial 2-fold dilutions of samples then were mixed with an equal volume of the peroxidase-conjugated VRQ14 antibody (0.7 nM final concentration) and deposited in wells for 1 h at room temperature before washing and the addition of the Luminol (Pierce) substrate for 10 min, after which the plates were read. Competition ELISA of the Fab and the antibody was performed according to a similar protocol by using the same samples. Proteinase K-digested or undigested 1% brain homogenates were incubated with serial 2-fold dilutions of the Fab (0.2 M starting concentration) for 15 min at room temperature, after which the mixtures were deposited in wells with an equal volume of peroxidase-conjugated VRQ14 antibody (0.7 nM final concentration) for 1 h at room temperature. Revelation and reading were as described above. Mouse, hamster, and macaque brain homogenates, normal or infected, were a kind gift from Corinne Lasmézas (Commissariat à l'Energie Atomique, Fontenay Aux Roses, France). Mice were infected with C506M3 scrapie strain or 6PB1 bovine spongiform encephalopathy isolate, hamster with scrapie 263K, and macaque with bovine spongiform encephalopathy agent. ELISA was performed as described above.
Results
Structure of the OvPrP C-Terminal Domain. The overall fold of the crystallized part of the C-terminal domain (residues 114-234) of the three OvPrP variants analyzed consists of a short twostranded ␤-sheet (residues 129-134 and 163-167) and three ␣-helices (residues 146-158, 174-196, and 203-228), linked by loops with no regular secondary structure (Fig. 1A) ; residues 114-126 and 229-234 are disordered and not seen in the electron density. This fold is identical to those revealed by previously determined NMR structures (20) (21) (22) (23) , as illustrated by the superpositions of bovine and huPrP C ␣ s to those of OvPrP, which yield rms deviation (rmsd) values of 1.1 and 1.2 Å, respectively. These values are within the rmsd between average structure and energetically equivalent conformers consistent with NMR data and are significantly larger than the uncertainty on C ␣ positions in this structure [0.4 Å, as determined from a Luzzati plot (24)], which demonstrates in particular that the antibody does not induce major changes in PrP other than restricting the flexibility of its epitope (see below).
Structural Comparison of ARR, ARQ, and VRQ OvPrP Variants. The crystal structure of the OvPrP ARQ variant allows us to localize the side chains of the amino acids associated with these polymorphisms; together with the structures of the VRQ and ARR variants, it provides an opportunity to analyze the consequences of the A136V and Q171R sensitivity-modulating mutations in atomic detail. The ovine residues involved in scrapie-sensitivity polymorphism are on the protein surface, and their side chains are water-exposed. A comparison of the structures of the ARQ and VRQ variants reveals that the A 3 V substitution at position 136 causes the N162 side chain to rotate, perhaps as a result of steric hindrance between a ␥ methyl of the valine residue and the amide group of N162. In the VRQ variant, the N162 side-chain carbonyl oxygen establishes a hydrogen bond with residue R139 (Fig. 2 Upper) , which stabilizes the VRQ variant as compared with ARQ (8). The Q 3 R substitution at position 171 was analyzed by comparing the structures of variants ARR and ARQ in 2Fo Ϫ Fc maps after refinement of the two structures, as Fourier difference analysis was precluded because of nonisomorphism between the ARR and ARQ PrP crystals. There is a hydrogen bond between residues R167 and Q171 in the ARQ variant (Fig. 2 Lower) . Substitution of Q by R at position 171 displaces the R167 side chain because of the electrostatic repulsion between the two side-chain guanidinium groups; these two groups are distant by 5.6 Å, disordered, and hardly visible in the ARR variant electron-density maps. As a consequence, the ARR variant is destabilized compared with ARQ (8) .
The Epitope of the Antibody Is Conserved in PrP Sc and PrP C . The structure of the complex shows that the epitope of the antibody consists mostly of PrP residues 188-199 (C-terminal part of helix H2 and N-terminal part of the H2-H3 loop; Fig. 3A) . Only one face of helix H2 is buried in the Fab-combining site. Consistent with that, pepscan analysis of OvPrP antigenicity with overlapping 9-aa peptides do not identify the binding site of the antibody (data not shown). Most importantly, the antibody recognizes recombinant OvPrP and also the cellular and the pathological forms of PrP but not samples from Prnp 0/0 mice brains, as shown by ELISA (Fig. 3B ). This analysis was performed with both the antibody and the Fab to rule out avidity effects with aggregated PrP Sc and was further supported by immunoprecipitation of both PrP C and PrP Sc by the antibody (data not shown). An immunoblot confirms the presence of PrP C and PrP Sc in the samples used for ELISA (Fig. 5 , which is published as supporting information on the PNAS web site). The combined structural and immunochemical data are strong evidence that the C-terminal end of helix H2 and the N-terminal part of the H2-H3 loop are conserved in PrP Sc . ELISA titration with normal or infected brain homogenates from mouse, hamster, and macaque indicate that the VRQ14 epitope is also found in these species and is conserved in both normal and pathological isoforms of their prion proteins (Fig. 6 , which is published as supporting information on the PNAS web site).
Discussion
OvPrP Crystallization and Structural Analysis. Crystallization trials with native recombinant PrP have been unsuccessful to date (1) . This is probably because of the well documented high flexibility of the PrP protein N-terminal domain (25) . Therefore, we have undertaken to determine the structure of the C-terminal part of OvPrP. We took advantage of the availability of several monoclonal antibodies that bind to this domain to attempt its crystallization as well as that of its complexes with the corresponding Fab fragments. Fab complexation offers possibilities for proteinprotein contacts in a crystal that differ from those arising from the antigen alone, in addition to the well documented potential of Fab fragments to bury antigenic surfaces that render a protein aggregation-prone (26). Although we were not able to crystallize the PrP C-terminal domain alone (residues 114-234), we did obtain crystals of its complex with one Fab. The Fab epitope contains the N-terminal half of the loop joining OvPrP helix H2 to helix H3, which has been shown by NMR measurements of 15 N relaxation times to be flexible (21) in uncomplexed PrP proteins. This loop does not establish any crystal contact and is stabilized in the complex (average B factor in the loop, 30.0 Å 2 ; average B factor in OvPrP, 34.0 Å 2 ). Exposure of this loop might have inhibited the growth of properly diffracting crystals of OvPrP and of other prion protein constructs corresponding to that used.
The determination of the OvPrP crystal structure provides an opportunity to analyze sequence variation among mammalian prion proteins in structural terms. Because the majority (19 of 25) of OvPrP buried residues are conserved in mammals, we conclude that the PrP C-terminal domain adopts the same fold in these species. This conclusion is consistent with the observation that all but one of the recombinant PrP folds determined thus far are nearly identical. Indeed, when comparing the OvPrP fold with those of previously studied PrP proteins, the only significant difference is with the huPrP crystal structure (27) . In the dimer, the huPrP monomer structure differs from other PrP structures by the location of helix H3, which exchanges between the individual monomers in the dimer, in a process that involves a rearrangement of the single PrP intramolecular disulfide bridge into an intermolecular one (Fig. 1B) . The only secondary structure difference between the huPrP monomer in the dimer and OvPrP is located in the hinge region of the swapped domain, constituted of the end of helix H2 and of the H2-H3 loop, which is most of the epitope recognized by the antibody. This hinge forms a small antiparallel ␤-sheet in the covalent dimer in which four main-chain hydrogen bonds compensate for the three main-chain H2 helix hydrogen bonds disrupted in the dimer caused by the H3 exchange. The energy cost of the conversion of native PrP into dimeric PrP comprises an entropy loss resulting from the dimerization of PrP, but besides that, it ought to be low because there is a balance between stabilizing interactions lost and gained in the dimer as compared with the monomer. By contrast, the kinetic barrier to dimerization is likely to be extremely large as a consequence of both the low probability of disulfide bond exchange and the high energy cost of the native core transient disruption required for H3 swapping. This explains why the proportion of PrP covalent dimer is very low in usual conditions and why it may be increased in conditions under which disulfide exchange is favored, such as at higher pH, where huPrP was crystallized (27) .
Structural Correlates of Sheep Polymorphisms Associated to Scrapie
Resistance. Focusing on the unique link between sheep polymorphisms at positions 136, 154, and 171 (sheep sequence numbering) and scrapie susceptibility (4, 5) , it was shown recently that the resistant variants ARR and AHQ are destabilized compared with the susceptible variants VRQ and ARQ. The absolute difference of the unfolding free enthalpies of the extreme resistant (ARR) and susceptible (VRQ) variants is Ϸ10 kJ͞mol, which is approximately one third of the unfolding free enthalpy for full-length prion protein (8) . Structural comparisons of OvPrP variants ARR, ARQ, and VRQ show that mutations V136A and Q171R lead to disruption of hydrogen bonds located at the surface of the ovine recombinant prion protein. The measured unfolding free-enthalpy variations caused by the A136V and Q171R mutations (8), Ϫ5.9 kJ͞mol and 4.9 kJ͞mol, respectively, are within the range of those observed when a hydrogen bond is gained or lost in a protein, provided there is no unpaired buried ion formed (28) .
What is the rationale for the variations in scrapie sensitivity induced by mutations at positions 136, 154, and 171? A correlation of scrapie susceptibility with mutation-induced changes of a single PrP function is unlikely, because the structural consequences of these mutations are local and the corresponding positions ( Fig. 1 A) are distant from each other in the PrP structure by Ͼ17 Å. By contrast, the following observations are coherent with the hypothesis that variations in susceptibility are caused by changes of PrP stability: each of the scrapie-sensitivity mutations affects the protein stability, and the effect of a combination of these mutations is additive. How would stability changes alter PrP behavior in vivo? One mechanism involves the increased protease resistance that accompanies stabilization of scrapie-susceptibility variants of OvPrP (10) . With a longer lifetime in the cell, the prion protein would become more susceptible to aggregation or to other pathological conformational changes, leading to an increased sensitivity to prion disease. In addition, the kinetic constant of amyloidogenesis of ARQ PrP is three times larger than that of ARR PrP at pH 7.0 and eight times larger at pH 4.0 (8) . In the particular case of the ARR variant, a combination of increased protease sensitivity and slower amyloidogenesis would account for a switch from scrapie susceptibility to resistance associated with the single Q171R substitution. Nevertheless, other mechanisms for mutation-induced scrapie resistance cannot be ruled out (see below). Similar to observations in sheep, resistance has been observed in transgenic mice in which the Q 3 R mutation had been introduced in mouse PrP at the position corresponding to 171 in sheep (29) and in rabbit cells transfected with OvPrP scrapieresistant variants (30) , suggesting that the mechanism for resistance involved, whatever its exact nature, may occur in different mammalian contexts. (35) , helix H1 will transform into a ␤-structure. This would be consistent with in vitro demonstration of the lability of the S1-H1-S2 region of the OvPrP protein (36) . Lability of the N-terminal half of helix H1 is also suggested by the observation that residues in this part of the protein have the highest temperature factors in the OvPrP structure and a fast hydrogen-exchange rate compared with the other secondary structure elements of recombinant PrP (36) . The fact that a synthetic peptide spanning helix H1 and ␤-strand S2 adopts a stable ␤-hairpin structure in solution (37) provides additional support to the suggestion that this region of the protein is labile. Finally, observations that the S1-H1-S2 region is targeted by antibodies that selectively recognize PrP Sc (38) or affect prion propagation (39, 40) also support the notion that this region adopts different structures in PrP On the basis of these data, including the antibody-binding studies summarized in Fig. 4 , we propose a model of the PrP from the S1-S2 strands of PrP C replaces the S1-H1-S2 part of the PrP C structured domain, with H2 and H3 remaining largely unchanged. Because the PrP C structure is conserved in mammals, our results are likely to extend to other mammalian species, a conclusion supported by cross-reactivity of the VRQ14 antibody with PrP C and PrP Sc in all of the species we have been able to test (Fig. 6) .
It is remarkable that the only group of mutations known to confer total resistance to scrapie solely affects the part of the protein that we propose to undergo secondary structure changes during PrP C 3 PrP Sc conversion. In the two scrapie-sensitive variants (ARQ and VRQ) we studied, there are additional hydrogen bonds involving residues in the S1-H1-S2 region in OvPrP C as compared with the scrapie-resistant variant ARR; because our model for PrP Sc formation proposes that S1-S2 serves as a template for ␤-sheet elongation, it is possible that these mutations confer scrapie susceptibility, because they support the extension of the S1-S2 ␤-sheet. This would be consistent with observations that the rate of amyloid formation is higher in susceptible than in resistant variants (8) . Confirmation of this hypothesis must await the determination of the structure of the S1-H1-S2 region in OvPrP Sc .
In conclusion, the combined immunochemical and structural characterizations of the interaction of OvPrP C and infectious OvPrP Sc with an antibody have provided structural information on the PrP C 3 PrP Sc conversion; the availability of additional antibodies that bind to PrP C and PrP Sc will allow further structural characterization of this transformation.
Note. While this work was being reviewed, an x-ray structure of a similar construct of OvPrP appeared (44) .
